We present a polymeric-based Fabry-Perot optofluidic sensor fabricated by combining direct laser machining and hot embossing. This technique provides a more elegant solution to conventional hot embossing by increasing the production rate, improving the reproducibility, and further reducing the cost, providing a large working area and flexibility in design modification and customization. As a proof of concept, a Fabry-Perot (F-P) optofluidic sensor was fabricated in polymethyl methacrylate (PMMA) from a micromachined stamp. The experimental results of the sensor agree well with analytical calculations and show a sensitivity of 2:13 × 10 −3 RIU=nm for fluid refractive index change.
Introduction
In the development of microfluidic technology toward biomedical and clinical applications, disposable microfluidics has generated a lot of interest for the purpose of reducing possible cross contamination and misdiagnosis. These devices usually require low cost of fabrication, high volume production, good reproducibility, and versatility in design for a wide spectrum of applications. As polymer materials have became more prevalent as cost-efficient alternatives to glass, more polymer-based techniques (such as hot embossing [1] and microinjection molding [2] ) have been employed in the past decade more than the conventional glass-based micro-electro-mechanical-systems (MEMS) techniques. Among these techniques, hot embossing is typically used when high precision and quality are needed and is a simple and economical process with high scalability and good repeatability. Considering the investment and fabrication cost, conventional photolithography is usually preferred to laser-based lithography techniques for the master stamp fabrication in hot embossing. The downsides include the requirements for a multistep process and chemical posttreatment, which also affect the production rate. Another disadvantage is the short life cycle of the master during the embossing process, which is, in some cases less than five times [3] . More importantly, both photolithography and laser-based lithography lack the flexibility in design modification. For applications such as DNA sequencing or point-of-care diagnostics, the microdevices also require comparably large surface areas or long reaction length for high-throughput data collection to ensure accurate diagnosis. As a result, the ideal fabrication method should have the ability to deal with large surface areas and be flexible to enable design modifications.
In this paper we present a new method of costefficient and convenient fabrication of a polymericbased microfluidic optical sensor by combining direct laser machining and hot embossing. The application of lasers has been proven to be important in MEMS both in system operations like particle manipulation [4] [5] [6] and sensing [7] [8] [9] or microdevice fabrication [10] [11] [12] [13] [14] . In our experiment, the fast, single step, automated process of laser machining provides an appealing solution to several major disadvantages of conventional hot embossing by increasing the production rate, improving the reproducibility, reducing the cost, enabling a robust stamp with longer life, providing large working areas and flexibility in design modification and customization. A proof of concept F-P sensor was integrated with a microfluidic channel in PMMA for optofluidic sensing.
Experiment

A. Device Design
As shown in Fig. 1 (the insets), a microfluidic device with an F-P cavity incorporated within the microchannel (shown as the square regions in the middle of the straight microchannel) was produced. The top layer had holes drilled at the inlet and outlet for connectors. The fluid was pumped into the microchannel, which filled the F-P cavity; the refractive index was characterized by the transmission signal through the F-P cavity. PMMA was selected as the sensor substrate for several reasons in addition to the low cost advantage of the polymer material. The commercial availability and fabrication simplicity (low transition temperature) and biological compatibility make it ideal for laboratorial/industrial mass production.
B. Device Fabrication
The device was fabricated by four steps as illustrated in Fig. 2 . First, a 10∶1 ratio of the poly(dimethyl siloxane) (PDMS) prepolymer and its curing agent (Sylgard 184, Dow Corning) were mixed and spincoated at a speed of 1500 RPM onto a silicon wafer (Cemat Silicon S. A.). The wafer was then placed on a hotplate and heated at 75°C for 20 min. When the PDMS was cured, the master stamp of the channel structure was cut out of the PDMS layer by a CO 2 laser (Universal Laser Systems). The automated laser cutting process takes a few minutes and was controlled by a computer. After the cutting process, the PDMS residue was peeled off from the wafer, leaving an inverse pattern of the designed microfluidic device (the master stamp). The wafer was cleaned in distilled water in an ultrasonic bath for 10 min, followed by several methanol rinses in order to remove any residue.
In the second step, a manual embossing system was placed onto a hotplate and was preheated to 150°C for 1 h to reach a uniform temperature. A layer of PMMA was sandwiched between the master stamp and a piece of glass and inserted into the embossing system. The purpose of the additional glass layer is to ensure a smooth molding surface when removing the whole structure from the embossing system. The embossing system comprises two water-cooled platens that are preheated while in contact via a hotplate. A calibrated torque wrench is used to apply pressure on the stamp and substrate that are placed between the two platens, by tightening a screw that presses the top platen against the bottom platen. The pattern on the master stamp was embossed in the PMMA substrate under a pressure created by 10 Nm torque from a torque wrench, at a temperature of 150°C for 10 to 15 min, before being cooled down to room temperature by circulating water for 5 min. Once cooled, the sample was removed from the embossing system and the PMMA substrate was carefully peeled from the master stamp. In the third step, in order to improve the cavity quality and to explore for potential sensitivity enhancement, the channel surface in the F-P cavity is coated with thin gold film. The PMMA substrate was put under a shadow mask to coat a gold layer onto the sensing region in the microchannel. Another blank piece of PMMA was also coated with gold to the same thickness using the shadow mask. Finally, holes were drilled by the CO 2 laser at the inlet and outlet positions.
In the forth step, the two pieces of PMMA were aligned manually under an inspection microscope with 4× magnification to achieve a precision within a few tens of micrometers, and a drop of superglue was placed on each of the four edges to hold the pieces in place during the bonding. The aligned PMMA layers were then placed into the embossing system under 10 Nm pressure at a temperature of 75°C for 30 min for thermal bonding. Connectors were then glued to the inlet and outlet openings on the device and connected to a syringe pump via silicon tubing.
Result and Discussion
A. Fabry-Perot Sensing Mechanism
The Fabry-Perot cavity, also referred to as a FabryPerot interferometer or an etalon, shown in Fig. 3(a) , consists of two parallel flat partially transparent mirrors (two gold coated PMMA surfaces) separated by a fixed distance with an optical-transparent bulk material in between them. The broadband light incident upon it undergoes multiple reflections between the mirrors, resulting in transmission peaks in the output spectrum, which correspond to resonances of the F-P cavity [shown in Fig. 3(a) inset]. The wavelengths of the peaks are determined by the condition
where d is the distance between two reflective surfaces, n is the refractive index of the bulk material in between the mirrors, and λ is the wavelength of the light in a vacuum. In our experiment, the fluid channel runs through the F-P cavity and fills the cavity with fluid of different refractive indices. The resonance peaks from the F-P cavity are shifted by the refractive index of the fluid inside the channel. By monitoring the shift of the F-P resonance peaks on a spectrometer, the fluid refractive index can be determined.
B. System Optimization and Calibration
After devices with different thickness of gold coating (20 and 40 nm) were fabricated, they were mounted onto a translation stage and characterized by a spectrometer (the experimental system as shown in Fig. 1 ). The spectral resolution of the spectrometer in the experiment was 0:2 nm. Objective lenses of different numerical apertures (NA) were used to optimize the system. The transmission spectra from the F-P cavities were measured with no liquid inside the microfluidic channels. The F-P resonance peaks were observed using 0.24, 0.5, and 0:70 NA objective lenses for both samples. Figure 4 shows the calculated finesse (a) and visibility (b) of the cavities from the spectral results. Equations (1) and (2) are the equations for finesse and visibility calculations.
Comparison between the two figures demonstrates that the 20 and 40 nm samples have higher transmissivity but lower visibility with lower NA lenses. The lower NA lenses have higher transmission efficiency across the broad wavelength range used in the illumination light resulting in the higher transmission signal for the F-P resonances. Taking into consideration the finesse and visibility, a higher resolution F-P signal could be collected when using the higher NA lenses. The higher NA objective lenses enable the capture of higher spatial frequencies transmitted through the F-P, which could result from diffuse reflections in the sensor caused by: (1) the increased surface roughness of the PMMA/gold surface compared with high quality mirrors, (2) debris/contamination in the sensor from the fabrication process, or (3) low quality and nonuniform thickness gold coating resulting in pinholing. The finesse and visibility of the 40 nm sample were higher than the 20 nm sample with all the objective lenses used.
Measurements with the 0:5 NA objective lens have shown better finesse and visibility compared to lower NA cases [presented in Figs. 3(b) and 3(c)], while there was a slight drop in the visibility in the measurements with the 0:7 NA objective lens. In the following experiments, the 0:5 NA objective lens was chosen to work with the optofluidic devices for refractive index detection. The finesse, F, of the resonant cavity is given by where δλ is the FWHM of the resonant peak. The visibility, V, of the resonant cavity is
where I max and I min are the maximum and minimum intensities of the resonances in the transmission spectra.
The optofluidic sensor with 20 nm gold coating was selected to be theoretically studied and experimentally tested for the fabrication calibration. The experimental transmission signal from a device of 20 nm gold coating was compared with theoretical calculated spectra (normalized). As shown in Fig. 5(a) , for both theoretical and experimental results, there exist five peaks from 625 to 660 nm wavelength range. The distance between adjacent peaks is about 6:5 nm. As shown in the figure, the variation between theoretical peaks to experimental peaks is within 2 nm within the measured wavelength range, with both peaks almost overlapped with each other at around 650 nm. The experiment result agrees well with the theoretical calculation for the microfluidic device with 20 nm gold coating; however, discrepancies between the "idealistic" theoretical case and the experimentally measured F-P data are likely to result from any of the following: (1) reduced quality or nonuniform thickness of the gold coated surfaces resulting a difference between the actual and theoretical values for reflection, transmission, and absorption of the gold layer; (2) atmospheric disturbances, such as pressure, temperature, and/or humidity; and (3) the temperature dependence of the properties of the PMMA substrate and/or gold layer as a result of heating due to the illumination light.
C. Fabry-Perot Optofluidic Sensing
After sensor fabrication and calibration, detection of fluid refractive index was demonstrated by the optofluidic sensor. Fluids of different refractive indices ranging from 1.33303 up to 1.43087 were made from glycerine-water solutions of different concentrations (as shown in Table 1 ) based on the technical instructions for OPTIM glycerine from Dow Chemical Company [15] . The refractive index of the glycerine-water solutions was confirmed via comparison with calibrated refractive index oils (Cargille Labs) using a refractometer. Devices containing F-P cavities with 20 and 40 nm gold coating were used in the measurements. The solutions of different refractive indices were spectroscopically characterized by their transmission signal through the F-P cavities in the microchannels. A basement measurement was taken beforehand with the empty microchannels (n ¼ 1) before any solution was pumped into the microchannels. Between each measurement the microchannels were rinsed with deionised water. Figure 5(b) shows an example of the modulation of refractive index over the resonance shifts. The two arrows indicate that the corresponding F-P resonance peak was shifted by the refractive index change. When the fluid refractive index increases from 1.33303 to 1.34729, the F-P resonance peak shifted toward longer wavelengths, from 645 to 652 nm in the transmission spectra. Figure 6 presents the position of the F-P resonance peak positions from spectroscopic measurements determined by the fluid refractive indices. The positions of the F-P resonance peaks shift toward longer wavelengths as the refractive index of the fluid is increased (from 1.33303 to 1.43087). The positions of the F-P resonances were recorded and plotted as a function of the refractive index. It is observed that the resonance peak shift has a linear relationship to the fluid refractive index in the microchannel. Different results were observed by the devices of 20 and 40 nm thicknesses of gold coatings. The explanation relies on the phase change of light by metal absorption. In a simple F-P model, usually the mirrors are assumed to be perfect (highly reflected and no absorption). But in real case, the metal films coated on the mirror surfaces DO absorb and cause phase changes to the light propagating in the F-P cavity, thus, a variation in the film thickness would have an impact on the sensing result based on interferometry. Additionally, as the mechanical and optical properties of the polymer and gold coatings are temperature dependent, variations in the spectral measurements could occur. To reduce the temperature effect the devices are mounted onto a thick metal plate on the translation stage that acts as a heat reservoir. The sensor sensitivity is defined as the detectable change in fluid refractive index as a function of the F-P resonance shift (Δn=Δλ) in the spectroscopic measurements. In our experiments, a sensitivity of 469 nm=RIU is achieved using the optofluidic sensor with the 20 nm gold coating. This sensitivity enables the limit of detection of a change in the refractive index of 2:13 × 10 −3 per 1 nm shift in the F-P resonance spectrum. As the FWHM of the resonance peaks is of the order of 2:5 nm, a 1 nm shift is easily detectable. The minimum detectable wavelength change is dependent on the resolution of the spectrometer and the finesse of the cavity. By improving the resolving power of the spectrometer or increasing the quality of the F-P, the resolution could be further improved. During typical biological or chemical sensing, the anticipated shift in the resonance spectrum is likely to be less than the peak-to-peak distance of the resonances, which is approximately 10 nm. However, should the shift become larger than 2π, there is the possibility that ambiguities in the measurement may occur. To address this, the device could be modified to incorporate a multicavity F-P or simultaneous measurement of a separate reference cavity.
Conclusion
In summary, a new method has been presented that integrates a microfluidic device and an optofluidic sensor by combining direct laser machining and hot embossing processes. A gold coated F-P optofluidic sensor was fabricated in PMMA for fluid refractive index detection. The experimental performance of the sensor was confirmed by theoretical calculation, and a sensitivity of 469 nm=RIU was achieved, which equates to a limit of detection of 2:13 × 10 −3 RIU. This technique ensures the fabrication of hot embossing masters at an increased production rate, with a better flexibility in design modification and a potentially large surface area patterning ability. It is suitable for the research and development of disposable microfluidic chips and holds great potential of commercialization with efficient high-volume production. This fabrication technique can be applied to the production of more complex two-dimensional patterns, rather than the single microchannel demonstrated in this paper, such as the fabrication of straight or curved multichannel devices. There is also the possibility of producing three-dimensional devices based on layering of the replicated PDMS layers from different PMMA master stamps. With further refinements, this technique could extend to the integration of optical, electrical, and fluidic components to various polymer microplatforms.
